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	 Dry	mass	(Gt)	 	 16.0	 4.33	 	 	 	 	 	 	 	 	 11.67	 73.0%	
	 Energy	(EJ)	 	 192	 64.7	 	 	 	 	 	 	 	 	 127	 66.3%	
	 Protein	(Mt)	 	 1600	 502	 	 	 	 	 	 	 	 	 1098	 68.7%	
	 Wet	mass	(Gt)	 	 45.71	 9.76	 	 	 	 	 	 	 	 	 35.96	 78.7%	
Grassland	NPP	
			
	 Dry	mass	(Gt)	 	 11.8	 2.48	 	 	 	 	 	 	 	 	 9.32	 78.9%	
	 Energy	(EJ)	 	 118	 24.8	 	 	 	 	 	 	 	 	 93	 78.9%	
	 Protein	(Mt)	 	 826	 174	 	 	 	 	 	 	 	 	 652	 78.9%	
	 Wet	mass	(Gt)	 	 59.00	 12.42	 	 	 	 	 	 	 	 	 46.58	 78.9%	
Crops	harvested	
		[Total	is	the	quantity	of	primary	crops	harvested.		Food	is	the	quantity	of	primary	crops	delivered	to	consumers.]	
	 Dry	mass	(Gt)	 	 4.33	 	 1.33	 0.91	 0.82	 0.44	 0.08	 	 0.03	 0.29	 0.43	 10.0%	
	 Energy	(EJ)	 	 64.7	 	 19.4	 15.2	 11.8	 5.2	 1.2	 	 0.4	 4.1	 7.3	 11.3%	
	 Protein	(Mt)	 	 518	 	 137	 200	 78	 26	 10	 	 3	 26	 38	 7.6%	
	 Wet	mass	(Gt)	 	 9.76	 	 3.19	 2.36	 1.16	 1.44	 0.14	 	 0.03	 0.61	 0.82	 8.4%	
Processed	commodities	
		[Total	is	the	quantity	of	crop	processed.		Food	is	the	quantity	of	processed	commodities	delivered	to	consumers.]	
	 Dry	mass	(Gt)	 	 0.91	 	 0.28	 	 0.25	 	 	 	 0.01	 0.14	 0.22	 24.2%	
	 Energy	(EJ)	 	 15.2	 	 6.1	 	 2.8	 	 	 	 0.2	 3.9	 2.23	 14.7%	
	 Protein	(Mt)	 	 200	 	 1	 	 104	 	 	 	 -0	 28	 67	 33.4%	
	 Wet	mass	(Gt)	 	 2.36	 	 0.51	 	 0.29	 	 	 	 0.01	 0.15	 1.40	 59.2%	
Livestock	production			
		[Total	is	the	inputs	(feed	and	harvested	grass),	which	result	in	a	quantity	of	edible	animal	products.]	
	 Dry	mass	(Gt)	 	 4.00	 	 	 	 	 	 	 0.24	 	 	 3.76	 94.0%	
	 Energy	(EJ)	 	 44.9	 	 	 	 	 	 	 5.8	 	 	 39.1	 87.2%	
	 Protein	(Mt)	 	 387	 	 	 	 	 	 	 71	 	 	 315	 81.7%	
	 Wet	mass	(Gt)	 	 15.40	 	 	 	 	 	 	 1.14	 	 	 11.78	 92.6%	
Animal	products	
		[Total	is	the	production	of	edible	animal	products.		Food	is	the	quantity	delivered	to	consumers.		Feed	includes	eggs	hatched	for	poultry]	
	 Dry	mass	(Gt)	 	 0.24	 	 0.21	 	 0.01	 	 	 	 0.00	 0.01	 0.01	 2.0%	
	 Energy	(EJ)	 	 5.8	 	 5.0	 	 0.3	 	 	 	 0.0	 0.4	 0.1	 1.9%	
	 Protein	(Mt)	 	 71	 	 65	 	 3	 	 	 	 -0	 1	 2	 2.3%	
	 Wet	mass	(Gt)	 	 1.14	 	 1.00	 	 0.09	 	 	 	 -0.00	 0.03	 0.03	 2.6%	
Food	consumption	
			[Total	is	the	food	reaching	consumers.		Food	is	the	quantity	consumed]	
	 Dry	mass	(Gt)	 	 1.82	 	 1.66	 	 	 	 	 	 	 	 0.16	 9.0%	
	 Energy	(EJ)	 	 30.6	 	 28.0	 	 	 	 	 	 	 	 2.6	 8.6%	
	 Protein	(Mt)	 	 203	 	 185	 	 	 	 	 	 	 	 18	 9.0%	




	 Dry	mass	(Gt)	 	 1.66	 	 1.49	 	 	 	 	 	 	 	 0.17	 10.3%	
	 Energy	(EJ)	 	 28.0	 	 25.1	 	 	 	 	 	 	 	 2.9	 10.3%	
	 Protein	(Mt)	 	 185	 	 133	 	 	 	 	 	 	 	 51	 27.9%	















































Food	required	 5.3	 8.1	 5.5	 3.6	
Food	consumed	 6.0	 9.0	 7.6	 4.0	
Food	reaching	consumers	 6.5	 9.9	 8.4	 4.5	
Non-food	uses	 1.6	 2.7	 2.3	 0.8	
Losses	(excluding	over-consumption)	 92.4	 88.3	 90.1	 95.2	




Food	required	 22.2	 28.6	 20.1	 17.2	
Food	consumed	 24.8	 31.9	 27.8	 19.2	
Food	reaching	consumers	 27.2	 34.9	 30.6	 21.4	
Non-food	uses	 6.7	 9.5	 8.3	 3.6	
Losses	(excluding	over-consumption)	 68.5	 58.6	 63.9	 77.2	







Food	required	 39.5	 43.6	 27.8	 46.8	
Food	consumed	 44.0	 48.6	 38.5	 52.2	
Food	reaching	consumers	 48.4	 53.2	 42.3	 58.1	
Non-food	uses	 12.0	 14.5	 11.4	 9.8	
Losses	(excluding	over-consumption)	 44.0	 36.9	 50.1	 38.1	
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20	
energy	are	smaller	than	dry	matter	(22%).		However,	sugar	contains	no	protein	(although	the	1	
molasses	and	non-centrifugal	sugar	do	contain	some	protein)	and	so	loss	rates	are	high	in	terms	of	2	
protein	(92%).		The	main	sugar	cane	by-products	are	cane	tops	and	bagasses	(the	fibrous	residue	3	
after	processing	of	the	sugar	cane)	(Paturau,	1987).		Bagasses	(with	a	50%	moisture	content)	4	
accounts	for	around	30%	of	sugar	cane	processed	and	is	often	used	as	a	primary	fuel	source	for	the	5	
sugar	mills	(Hofsetz	and	Silva,	2012).		The	use	of	bagasses	as	a	source	of	bioenergy	was	not	included	6	
in	the	results	presented	here.	7	
	8	
Stock	variation	9	
The	results	show	low	levels	of	net	stock	variation	(<1%	of	production,	Table	1),	but	with	some	10	
differences	in	sign	between	dry,	wet,	energy	or	protein	terms.			This	occurs	as	commodities	that	are	11	
increasing	or	decreasing	in	stock	levels	are	both	included,	with	positive	values	indicating	12	
commodities	used	to	supply	stocks,	and	negative	values	commodities	taken	from	stocks.		For	13	
example,	if	a	relatively	high	protein	density	commodity	was	supplied	from	stocks	when	a	somewhat	14	
larger	mass	of	a	lower	protein	density	commodity	was	adding	to	stocks,	this	would	lead	to	a	positive	15	
net	stock	variation	in	mass	and	a	negative	one	for	protein.	16	
	17	
4. Discussion	18	
Comparison	to	other	food	loss	and	waste	studies	19	
Previous	studies	have	found	that	approximately	one	third	of	food	(in	wet	mass)	is	lost	from	harvest	20	
to	consumption,	including	losses	during	harvesting	and	consumption	(Gustavsson	et	al.,	2011),	21	
without	accounting	for	losses	in	livestock	production.		This	study	includes	these	losses.		Furthermore,	22	
although	harvest	losses	are	included	within	the	wider	scope	of	agricultural	production	losses	23	
calculated	here,	they	are	not	separately	quantified,	due	to	lack	of	suitable	data.		This	differs	from	the	24	
approach	of	Gustavsson	et	al.	(2011).		Such	differences	make	direct	comparisons	to	previous	studies	25	
difficult.		The	closest	comparison	that	can	be	made	to	Gustavsson	et	al.	(2011)	is	between	the	26	
		
21	
embodied	loss	rates	from	crops	harvested	to	food	eaten,	excluding	livestock	production,	which	1	
suggest	that	31%	wet	mass	of	crops	is	lost	(or	20%	of	dry	matter),	and	the	33%	overall	losses	from	2	
Gustavsson	et	al.	(2011).		Kummu	et	al.	(2012)	followed	a	similar	method	to	Gustavsson	et	al.	(2011),	3	
finding	a	loss	of	24%	in	energy	terms,	while	the	approximately	equivalent	result	here	is	for	a	20%	4	
energy	loss	(22%	in	protein).		Cassidy	et	al.	(2013)	calculated	at	only	12%	of	energy	in	crops	feed	to	5	
livestock	are	consumed	in	the	human	diet.		The	88%	loss	of	calories	in	livestock	production	equates	6	
almost	exactly	to	the	87.2%	loss	found	here	(Table	1).		Comparison	with	these	previous	studies	7	
suggests	that	the	loss	rates	found	here	are	broadly	similar	over	a	range	of	losses.	8	
	9	
Suitability	of	wet	mass	to	measure	losses	10	
Using	wet	mass	to	quantify	losses	is	a	prevalent	approach	in	previous	studies	of	food	losses	and	11	
waste	(Gustavsson	et	al.,	2011;	Parfitt	et	al.,	2010),	but	is	potentially	misleading.		First,	aggregating	12	
wet	mass	values	for	dissimilar	products	has	the	potential	to	introduce	unintended	effects	13	
(Alexandratos	and	Bruinsma,	2012).		For	example,	if	losses	from	high	moisture	content	foods	with	14	
higher	rates	of	loss	(e.g.	soft	fruits	and	vegetables)	are	aggregated	with	drier	commodities	with	lower	15	
rates	of	loss	(e.g.	cereals),	the	resultant	overall	loss	will	be	higher	in	wet	mass	terms	than	if	16	
calculated	as	dry	matter.		The	differences	based	on	the	terms	used	may	lead	to	erroneous	inferences	17	
about	the	overall	rates	of	losses.		Second,	changes	in	moisture	content	during	processing	will	18	
influence	the	calculated	losses	if	this	water	content	is	included.		The	results	suggest	that	processing	19	
of	primary	crops	is	associated	with	a	substantial	net	loss	of	water,	which	is	reflected	in	the	wet	mass	20	
losses.		However,	it	is	likely	that	the	losses	of	energy	and	nutrients	are	of	greater	importance	and	21	
relevance	than	the	rate	of	water	loss	(or	addition)	that	occurs	during	processing.			Therefore,	when	22	
aggregating	dissimilar	products	or	considering	processing	of	products,	wet	mass	should	be	used	with	23	
caution,	and	other	terms	may	be	preferable.	24	
	25	
		
22	
Agricultural	production	efficiencies	1	
The	results	demonstrate	that	agricultural	production	inefficiencies	(in	both	crop	and	livestock)	are	2	
the	dominant	contributions	to	the	overall	losses	within	the	food	system,	when	considering	either	3	
harvested	crops	or	all	biomass	(Table	1	and		4	
	5	
Figure	2).		Harvested	crops	and	grass	are	influenced	by	agricultural	practices	and	plant	breeding.		6	
Both	the	total	rate	of	primary	production	and	also	the	percentage	that	is	harvested	have	been	7	
increasing	over	time,	in	large	part	due	to	increasing	crop	yields	(Krausmann	et	al.,	2013).		Livestock	8	
production	efficiencies	have	also	been	increasing	over	time	(Havenstein,	2006),	but	still	are	9	
responsible	a	substantial	loss.		The	extent	to	which	climate	change,	plant	and	animal	breeding,	and	10	
agricultural	practices	and	technologies	will	develop	and	interact	in	future	is	clearly	relevant	11	
(Engström	et	al.,	2016;	Garnett	et	al.,	2013;	Godfray	et	al.,	2010;	Herrero	et	al.,	2016;	Jaggard	et	al.,	12	
2010).		All	influence	future	production	efficiencies	(as	well	as	the	total	agricultural	NPP),	and	13	
therefore	overall	food	system	losses.		14	
	15	
The	uses	and	losses	of	harvested	crops	only	were	considered	in	the	results	(Table	2,	Figure	3	and	16	
Figure	4).		The	contribution	of	grassland	to	animal	nutrition	could	be	argued	to	be	of	less	direct	17	
conflict	with	human	food	production	than	the	use	of	food	commodities	for	feed	(Foley	et	al.,	2011).		18	
Grass	is	not	edible	by	humans,	and	land	used	for	grazing	may	be	unsuitable	for	producing	other	crops	19	
and	so,	may	not	compete	directly	with	other	food	production	systems	(Capper	et	al.,	2013).		The	20	
results	that	do	not	include	any	contribution	from	grassland	and	forage	crops	implicitly	assume	that	21	
livestock	production	does	not	compete	with	the	production	of	food	from	cropland,	except	through	22	
the	use	of	feed.		However,	not	all	grassland	is	unsuitable	for	other	agricultural	uses,	and	pasture	has	23	
been	expanding	more	rapidly	than	cropland	over	the	past	50	years	(Alexander	et	al.,	2015),	implying	24	
that	this	assumption	is	only	partially	valid.			Therefore,	livestock	production	losses	that	only	consider	25	
crop	use	understate	the	impact	on	the	agricultural	system	as	a	whole.		Despite	this	moderate	26	
		
23	
approach	to	livestock	production,	the	associated	inputs	and	losses	are	substantial.	The	proportion	of	1	
harvested	crops	used	for	livestock	varies	from	28%	for	wet	mass	(in	line	with	previous	values	(Foley	2	
et	al.,	2011))	to	57%	for	protein,	with	40%	for	dry	matter	and	36%	for	energy.		That	is,	the	proportion	3	
of	harvested	crop	used	for	feed	is	lowest	in	wet	mass	(the	terms	typically	used,	but	that	is	potentially	4	
misleading,	as	discussed	above).		Furthermore,	the	highest	losses	from	any	stage	(other	than	for	wet	5	
mass)	are	associated	with	livestock	production	(Figure	4).		Livestock	production	therefore	represents		6	
a	major	source	of	losses	often	not	included	in	studies	of	losses	and	waste	in	the	food	system	7	
(Gustavsson	et	al.,	2011;	Kummu	et	al.,	2012),	and	this	difference	in	method	contributes	to	the	8	
higher	overall	loss	rates	found	here.	9	
	10	
Uncertainties	in	the	analysis	11	
There	are	few	estimates	of	global	NPPs	by	land	cover	type,	compared	to	studies	providing	the	total	12	
NPP.		Here	we	use	the	figures	from	Ito	and	Oikawa	(2004)	of	8.0	PgC/yr	and	5.9	PgC/yr	for	cropland	13	
and	grassland	respectively	(Table	S1),	while	Chen	et	al.	(2014)	finds	11.05	PgC/yr	and	5.5	PgC/yr,	and	14	
the	human	appropriation	of	net	primary	production	(HANPP)	values	at	2005	from	Krausmann	et	al.	15	
(2013)	are	7.5	PgC/yr	and	4.5	PgC/yr	respectively.		In	comparison	to	these,	Field	et	al.	(2008)	found	16	
somewhat	lower	cropland	6.8	PgC/yr	NPP,	with	a	higher	grassland	NPP	11.6	PgC/yr,	perhaps	arising	17	
due	to	the	definitional	issues	for	grassland	(Alexander	et	al.,	2016b;	Prestele	et	al.,	2016).		18	
Additionally,	agricultural	NPP	figures	change	over	time	as	agricultural	areas	and	practices	alter,	19	
therefore	the	inconsistency	between	the	2004	NPP	estimates	and	2011	FAO	data	may	lead	to	an	20	
underestimate	of	the	harvest	losses,	particularly	for	croplands.		Translating	the	NPPs	in	terms	other	21	
than	dry	matter	creates	additional	uncertainty,	as	they	involve	global	average	energy,	protein	and	22	
moisture	contents.		Although	the	NPP	values	must	be	viewed	with	caution,	such	uncertainty	only	23	
impacts	a	limited	set	of	the	results	of	this	analysis.		The	NPP	values	do	not	impact	the	quantities	24	
calculated	at	subsequent	stages,	as	these	are	derived	from	the	FAO	data	and	human	nutritional	25	
requirements	(Figure	1),	and	consequently	the	NPP	values	have	no	impact	on	the	losses	between	26	
		
24	
processes	at	these	later	stages	(e.g.	losses	of	harvested	crops,	Table	2	and	Figure	3).		Additionally,	the	1	
FAO	data	used	in	the	analysis	has	a	level	of	uncertainty	that	is	difficult	to	determine;	as	it	is	based	on	2	
global	panel	data	it	is	inherently	of	varying	quality.		However,	the	FAO	compiled	data	used	is	the	best	3	
available	source	of	such	global	data,	and	as	such	has	previously	been	widely	used	for	academic	and	4	
other	purposes.		Validation	checks	were	also	run	to	ensure	internal	consistency	of	input	data	and	5	
consistency	with	the	results,	e.g.	that	all	quantities	are	conserved.			6	
	7	
Livestock	feed	inputs	may	be	understated	as	some	sources	of	feeds	from	food	residues,	and	by-8	
products	from	other	agricultural	processing	are	not	included.		The	majority	of	these	agricultural	9	
residues	are	straw	(including	stover	from	coarse	grains),	with	around	4	Gt	DM	globally,	but	low	10	
digestibility	and	voluntary	intake	has	limited	their	feed	use	(Mahesh	and	Mohini,	2014;	Sarnklong	et	11	
al.,	2010),	and	with	rates	of	use	in	decline	(FAO,	2006).		Not	including	these	feeds	will	reduce	the	12	
estimate	of	biomass	provided	to	livestock	from	cropland.		As	the	animal	product	quantities	produced	13	
are	derived	separately	from	data	in	FAOSTAT	(2015b),	lower	feed	inputs	will	result	in	lower	loss	rates	14	
being	calculated	for	livestock	production	(e.g.	in	Figure	4	and	Table	1).		Global	average	feed	15	
conversion	ratios	have	been	used	to	estimate	the	livestock	feed	requirements,	however	these	are	16	
uncertain	and	vary	with	intensity	of	production,	animal	breeding	and	management	practices	17	
(Alexander	et	al.,	2015;	Fairlie,	2010;	Smil,	2002).		Any	inaccuracies	in	feed	conversion	ratios	would	18	
create	a	shift	between	losses	in	grassland	harvest	and	livestock	production,	but	not	change	to	other	19	
system	losses.		For	example,	low	feed	conversion	ratios	would	less	feed	being	estimated	for	livestock	20	
production,	which	would	cause	higher	unharvested	grassland	losses	but	an	offsetting	reduction	in	21	
animal	production	losses.			The	livestock	production	losses	include	manure,	methane	and	nitrous	22	
oxides	emissions,	metabolised	energy,	and	carcass	materials.		However,	some	of	the	animal	by-23	
products	find	a	range	of	uses,	e.g.	leather	and	gelatine,	as	well	as	also	creating	issues	for	disposal	24	
(Jayathilakan	et	al.,	2012).			Any	beneficial	uses	of	animal	by-products	are	not	captured	by	the	25	
analysis	here,	which	therefore	understates	the	non-food	uses	of	these	products.	26	
		
25	
	1	
The	inequalities	in	food	distribution	both	within	and	between	countries	(Porkka	et	al.,	2013),	may	2	
have	led	to	under-estimating	the	food	system	losses	due	to	consumption	in	excess	of	nutrient	3	
requirements.		Globally,	37%	of	men	and	38%	of	women	were	overweight	in	2014	(Ng	et	al.,	2014),	4	
while	approximately	12%	of	people	were	undernourished	between	2010	and	2012	(FAO	et	al.,	2015).		5	
As	the	analysis	conducted	here	is	done	at	the	global	level,	it	averages	out	the	wide	range	of	6	
nutritional	consumptions	between	individuals.		Therefore,	the	losses	associated	with	over	eating	will	7	
be	biased	towards	being	too	low,	as	the	over-consumption	of	food	is	partially	offset	by	people	who	8	
are	under-nourished.	9	
	10	
5. Conclusions	11	
Both	consumer	behaviour	and	production	practices	play	crucial	roles	in	the	efficiency	of	the	food	12	
system.		This	study	considers	the	interconnectedness	of	the	food	system	and	the	losses	occurring,	13	
using	primarily	empirical	data.		The	results	emphasise	the	substantial	losses	occurring	during	14	
livestock	production,	and	reveals	the	magnitude	of	losses	from	consumption	of	food	in	excess	of	15	
human	nutritional	requirements.		The	greatest	rates	of	loss	were	associated	with	livestock	16	
production,	and	consequently	changes	in	the	levels	of	meat,	dairy	and	egg	consumption	can	17	
substantially	affect	the	overall	efficiency	of	the	food	system,	and	associated	environmental	impacts	18	
(e.g.	greenhouse	gas	emissions)	(Lamb	et	al.,	2016).		It	is	therefore	regrettable	from	environmental	19	
and	food	security	perspectives	that	rates	of	meat	and	dairy	consumption	are	expected	to	continue	to	20	
increase	as	average	incomes	rise	(Kearney,	2010;	Keyzer	et	al.,	2005;	McMichael	et	al.,	2007),	21	
potentially	lowering	efficiency	of	the	overall	food	system,	as	well	as	increasing	associated	negative	22	
health	implications	(e.g.	diabetes	and	heart	disease)	(Hu,	2011;	Tilman	and	Clark,	2014).		Changes	in	23	
livestock	production	practices	and	animal	genetics	may	increase	efficiencies	to	offset	some	of	these	24	
effects	(Havlík	et	al.,	2014;	Le	Cotty	and	Dorin,	2012),	but	may	be	insufficient	to	do	so	completely.			25	
	26	
		
26	
The	effect	of	changes	in	consumer	behaviour	has	received	substantial	research	focus,	e.g.	the	role	of	1	
diet	and	dietary	changes	in	agricultural	resource	use	and	environmental	sustainability	(Bajželj	et	al.,	2	
2014;	Smith	et	al.,	2013;	Stehfest	et	al.,	2009;	West	et	al.,	2014;	Wirsenius	et	al.,	2010).		3	
Furthermore,	the	links	between	diet,	obesity	and	human	health	have	been	widely	recognised	(NCD	4	
Risk	Factor	Collaboration,	2016;	Wang	and	Beydoun,	2009).		However,	until	recently,	less	attention	5	
appears	to	have	been	given	to	the	sustainability	implications	of	over-consumption	(Springmann	et	6	
al.,	2016).		The	results	here	suggest	that	system	losses	from	over-consumption	of	food	are	at	least	as	7	
substantial	as	the	losses	from	food	discarded	by	consumers	(Figure	4),	and	therefore	have	8	
comparable	food	security	and	sustainability	implications.		Consequently,	greater	research	focus	may	9	
be	required	to	better	understand	causes,	effects	and	solutions	for	over-consumption.		Changes	to	10	
influence	consumer	behaviour,	e.g.	eating	less	animal	products,	reducing	food	waste,	and	lowering	11	
per	capita	consumption	to	be	closer	to	nutrient	requirements	will	all	help	to	provide	the	rising	global	12	
population	with	food	security	in	a	sustainable	manner.	13	
	14	
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